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Abstract

Data were collected in 2010 using proton-proton collisions at a center o§ ereygy
of 7 TeV were used to study particle flow correlations. Particle flows aresored in the
minimum bias events using clusters of energy in the ATLAS calorimeters, takivenéage
of their fine granularity. The results on the angular correlation betweesterhiand the
correlation between the mean cluster momentum and the number of clustereseetpd.
The results are compared to the 900 GeV results and Monte Carlo predictions
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1 Introduction

The current note extends the underlying event studies presente@3d&8V data in Ref. [1]. As for
the previous note, the current studies use clusters of energy (termmausigrs in the remainder of this
paper). The measurement is performed in three regions of phase apat®wn in Figure 1 where the
"transverse” region is the region which is considered to be the mostieffdry the soft QCD processes
responsible for the underlying event.
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Figure 1: A schematic representation of several phase-space regiedgor studies in this note

As explained in [1], the studies using topoclusters have several impéetentes. Firstly, it provides
a means to be sensitive to the entire hadronic final state (including neuthansd. Secondly, the
analysis is complementary to the corresponding analysis using chargezegabut with completely
independent systematics. Finally, jet reconstruction is based almost emtirapergy deposition in
the calorimeter and this analysis of the underlying event can be used direestimate the effect of
underlying event on the jet energy measurement.

2 Data selection and MC samples

The data used in this analysis were taken in 2010 during which period thedgé@ted at a center
of mass energy of 7 TeV. The calorimeter systems were essentially fullidmat; during this run-
ning period, there were approximately 2% non-functional channels in thieadeonic calorimeter and
approximately 1% non-functional channels in the liquid argon calorimete® [2

The 7 TeV data used in this analysis were collected during 2010. The fotjomims were used:
152166 (206<= Ibn <= 300), 152221 (5= lbn <= 167), 152214 (15%= Ibn <= 201) 152345
(128 <= Ibn <= 207), 152409 (124 = Ibn <= 716), 152441 (30%= lbn <= 672), 152777 (5& =
Ibn <= 339), 152844 (17%= Ibn <= 234). This corresponds to an integrated luminosity of about 238
ub~1. A total of about 7.7M events were collected from colliding proton bunahegich the MBTS1
trigger recorded one or more hits on either side of the calorimeter.

The events to be analyzed were selected using an identical procedigsaibed in [4]. In a sim-
ilar approach to that presented in [4], only clusters with> 0.5 GeV and|n| < 2.5 are consid-
ered. The datasets used were those obtained from the first repngce$he analysis was done using

1Er > andpy are respectively the cluster energy and momentum transverse to tmedireation.
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ESD/AQD files, converting them into the NtupleMaker [5] format to reducesthe and to increase the
data reading rate. The NtupleMaker keeps information on topoclustersiwahgbarticles in the form of
a TLorentzVector-derived class (unlike D3PD which are based otokseof numbers).

The QCD predictions for the hadronic final statepp collisions are based on the PYTHIA 6.4
Monte Carlo model [6]. This model is based on the MCO09 tune [7] which ensptmgpr-ordered parton
shower and the MRST LO* parton density functions [8]. The parametere \adjusted to describe
charged-multiplicity distributions in minimum-bias events measured at 630 GeV &8n@eV in pp
collisions [9].

In addition to the MCO09 tune, the following two PYTHIA parameter sets are:udgdhe Perugia0
set [10] in which the soft-QCD part is tuned using only minimum-bias data fremfévatron and CERN
pp colliders; (2) the DW[11] PYTHIA tune, which uses the virtuality-ordestwwers and was derived
to describe the CDF Run Il underlying event and Drell-Yan data.

The following Monte Carlo data sets were used at the AOD level:

mc09_7TeV.105001.pythia_minbias.recon.A0D.eb17_s764_s767_r1204
mc09_7TeV.108313.pythia_minbias_PerugiaO.recon.A0D.e514_s764_s767_r1204
mc09_7TeV.108310.pythia_minbias_DW.recon.AOD.eb514_s764_s767_r1204
mc09_7TeV.106096 .PhojetNdiff.recon.A0D.e514_s764_s767_r1204
mc09_7TeV.106097 .PhojetSdiff.recon.AOD.e514_s764_s767_r1204
mc09_7TeV.106098.PhojetDdiff.recon.A0D.e514_s764_s767_r1204

The main analysis is done with the first MC set, while the other two tunes arefassgstematics
studies as discussed below. The PHOJET MC model [12] was used tottieediffractive contribution
as discussed in Sect. 6.

For the corrections, the truth particles are selected if their lifetimese smaller than 31010
seconds. Neutrinos are excluded from consideration. According tadffiisition, K§'s, A's and=* are
treated as stable particles partfcle

To provide high statistics Monte Carlo samples for comparison with the unfolaedand in order to
study other MC tunes, the NtupleMakerTruth [13] was used to genera@@Rf@e with TLorentzVector
records. The official Monte Carlo production option files were used ffiith level to be shown on all
final figures was generated with the statistics a factor 5-10 larger thangedtfor data unfolding.

3 Analysis Strategy

This note extends Ref. [1] with similar studies using the 900 GeV data.

Figure 2 shows the number of reconstructed reconstructed topoclusisiss the number of sta-
ble particles in simulated minimum bias events. Reconstructed topoclustergjanedeto havepr >
0.5 GeV The figure shows strong correlation and it is clearly meaningfulmeider topoclusters a mea-
sure of particle activity.

Similarly, Figure 3 shows the correlation between the calibrated topoclustérha primary tracks
selected as discussed in the track-based studies [14, 15]. A peoieetation is observed for data
and the Monte Carlo simulation. The average and the RMS values of this 2ibwisin agree with
the MC simulation within a few %. The Kolmogorov-Smirnov (KS) test reports thatdata and MC
distributions are approximately identical (with a probability of 9.9999999936224¢e-01).

The analysis presented here follows a similar approach to that which leascheried using only
charged particles [14, 15]. We will first show that the topocluster disiobs in pp collisions are well
modeled in full simulation. A key issue and one which is critical in determining togtetunultiplicity

2For the AOD/ESD analysis, all particles with the barcode above 20000§uad & were removed.
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Figure 2: Correlation between multiplicities of calibrated topocluster and stablle frarticles in
PYTHIA MinBias events at a centre of mass energy of 900 GeV.
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Figure 3: Correlation between multiplicities of calibrated topocluster and prirracks in data and
PYTHIA MinBias events at a centre of mass energy of 900 GeV.
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is the calorimeter energy scale and its modeling in the ATLAS simulation. This islisstzd using
the response of the calorimeters for isolated charged hadrons astefuotparticle momentum and
also checked using® decays reconstructed using standard topoclusters. Finally, the laigéorain
response as a function of particle momentum introduces a variation in ascead the Monte Carlo
is used to determine bin-by-bin correction factors to correct obserigdbditions to stable particle
distributions. These may then be used for comparison to model predictiomsrfimum-bias events.

4 Topocluster properties

Figure 4 shows a comparison betwggmcollision data and the minimum bias MC simulation for several
topocluster variables, selecting the topoclusters with> 0.5 GeV: the number of clusters, thg, n
and ¢ distributions, where the distributions are normalized to unit area. The Maaute @cludes all
known detector inefficiencies such as those from non-functionaliocadter channels as well as our best
knowledge of the material in front of the calorimeter (such as from the idatctor and its services).
Excellent agreement is observed for PYTHIA MC09 and PYTHIA P&Qigune forpr, n andg. Small
discrepancies between data and Monte Carlo are seen for the multiplicity alistnilvhich are attributed
to the presence of diffractive events.
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Figure 4: Topocluster properties mp minimum bias collisions at 900 GeV compared to Monte Carlo
simulation for topoclusters witlpr > 0.5 GeV: topocluster multiplicitypr distribution, n distribution
andg distribution. All distributions are normalized to unit area.

One of the main motivations for this analysis is to reconstruct particle densit@iffénent phase-



103 Space regions motivated by the UE physics. Figures 5 and 6 show trectraparisons for data and MC
104 for pr andn in the regions of the phase space illustrated in Fig. 1. A reasonable agreismbserved
105 between data and the MC09 and PerugiaO PYTHIA tunes.
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Figure 5. A comparison between data and Monte Carlo for topoclugtera different regions as de-
scribed in the text.

The particle densities for this analysis are defined by dividing the numbentags in a given bin
by the total number of events and by the bin size, where the total numbeenfseig calculated as the
number of events which have a leading cluster vaith> 1 GeV. Figure 7 shows the shape distributions in
Fig. 4 transformed into particle densities as defined above. Good agreketereen data and PYTHIA
MCO9 is still evident. PYTHIA Perugia0 shows small differences in the ntzaizon.

As the correction for acceptance and purity is based on Monte Carlgsental issue is the precision
with which the Monte Carlo reproduces the energy deposition in the calorinféier has been studied
in depth using isolated tracks in minimum bias data, after extrapolating trackscaltreneter surface.
For calibrated topoclusters, the differences between data and MC @mn sh Figs. 8, 9 and 10. In
average, the discrepancy between the data and MC is at the 5% levabuld $fe pointed out that the
differences between data and MC foiE / p > in the central pseudorapidity region are larger compare to
the 900 GeV data [1]. The difference between data and MC is taken inbwiacafter applying scaling
factors derived from the data presented in 8 and 9 (see S¥ct. [
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5 Uncorrected distributions

As for earlier analyses [14, 15], we will study the particle density as ation of thepr of the leading
cluster in the event. Figure 11 shows the distance in azimuthal angle betveeleading cluster in the
event and any other cluster wily > 0.5 GeV. The clustept was calculated using the calibrated energy
scale (hadronic scale). A comparison was performed with the PYTHIA maftied the full detector
simulation. The PYTHIA model was tuned using the standard MC09 ATLAS amkthe Perugia0
tune. The density per unit of rapidity is defined as

N 1
(nmax— nmin) Nevaq”

whereN is the number of entries in thip bin of the size QL6 rad and)max— Nmin = 5 represents the full
pseudorapidity range ardi, is the number of events triggered by a cluster withabove some value.

Figure 11 can be used to understand several properties of the afimah state in the minbias
events: the birth of the leading jet as the energy scale increases, tHepteeat of a second leading
jet which balances the leading jet. The width of the peaiggatan be used to estimate the size of the
hadronic jets at the scales defined by th€lead). All features of the distribution shown Figure 11 are
also seen for the averagg of calibrated topoclusters as a functiondap (see Fig. 12).

Figure 13 shows the average number of topoclusters as a function pf tread) of the number of
topoclusters. The normalized density distributions are calculated as:

N 1
(nmax_ nmin) Nev'A(p7
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whereN is the number of entries in bins @fr (lead), Ney is the number of events, addp is the range in
@. In the case of the toward, away and transverse regidbgs; 0.33- 2t rad. Although there is rather
good agreement overall, the data lies systematically above the Monte Catictiomes in all regions.

As is the case for thé g distribution, differences between data and Monte Carlo models can be seen

for the averager of topoclusters as a function @f (lead) (see Fig. 14). Here again, although there is
generally good agreement, in this case the data lies systematically below the G&otagoredictions.
As for the previous plot, the PerugiaO PYTHIA tune fails to describe the adtde the MCO9 tune is
significantly closer to the data, but still fails to describe the topocluster acivttye transverse region.
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Figure 13. The average number of topoclusters per event per univahter n, ¢ as a function of
pr (lead) for the different regions defined in Fig. 1.

Finally, Fig. 15 shows the averag® as a function of the topocluster multiplicity. This plot is
analogous to that given in Ref. [4]. It should be noted that unlike théqare distributions, the leading
cluster was included in order to perform the direct comparison with the tpaskd distribution shown
in [15] (this explains the origin of the low-multiplicity peak for the toward regioffie conclusion about
a good agreement with the Perugia0 tune and failure of the MCO09 tune isrtireeagafor the tracking
study [4].

We will summarize this section with the following observations: 1) the recortsiiugvent topology
is not in agreement with the discussed MC tunes. For some distributions, RYNIB09 tune gives a
better description (but still not perfect in the transverse region), whilethers, the Perugia0 tune is in
good agreement with the data; 2) the fact that all such observations goeéhquantitative agreement
with the tracking studies [4, 14, 15] is an indication that the topocluster ehisks are sensitive to
the underlying physics included in the MC truth generators and are noigigraffected by systematic
effects (which will be studied in this note later).
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6 Diffraction

To understand the contribution from diffractive events, we have use®¥THIA MC09 models with
single (SD) and double diffraction (DD) as described in Sect. 2. The minitoiasevents were mixed
with the single and double diffractive events in accordance with the qoneking cross sections defined
by PYTHIA.

To illustrate the contribution from diffractive events, Fig. 16 shows the l@siboss section differ-
ential in pr at the detector-level as a function pf(lead) from 0.5 to 2 GeV. The shaded histograms
show the single and double diffractive contribution to the visible cross sertiBYTHIA. The diffrac-
tive contribution is at the level of 13% (SD) and 2% (DD) for(lead) > 0.5 GeV. It decreases to 3%
and 1%, respectively, foor (lead) > 1 GeV. The diffractive contribution is negligible fqrr (lead) > 2
GeV (below 1%). With this observation in mind, the analysis was dongiflead) > 1 GeV where the
diffractive contribution is smaller than the overall systematic uncertainty (didmissed in Sect. 8).
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Figure 16: The visible differential cross section for calibrated topoadissising the PYTHIA model.
The largest shaded area (in red) shows the contribution from singtadtitin, while the green histogram
(smallest contribution) shows the contribution from double diffractive.

Unlike PYTHIA 6, the PHOJET Monte Carlo model [12] generates diffkecirocesses which are
not restricted to lowpr. The PHOJET model was used to calculate the densities in two steps: without
diffractive events and with diffractive events (SD,DD) using the predastifor the truth cross sections.
As an example, Figs. 17 and 18 show the PHOJET MC densities withoutctiifina(labeled as NDiff)
and with diffraction (NDiff+SDiff+DDif). Diffractive events were mixed itthh non-diffractive events



165 USINg their corresponding cross sections. It can be see that theiddfcantribution is small compared
166 to differences between different tunes.
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Figure 17: Cluster densities in PHOJET as a function of the distance in azinauhie between the
leading cluster and any other cluster in the event. The densitg:fdead) > 3 GeV was shifted by 0.1
for a better separation from the other distributions.

w» ( Data unfolding using bin-by-bin corrections
Due to the complexity of the measured variables, a bin-by-bin correctiaegtwe is used to unfold the
observed distributions to the hadron level. The correction factors

oy9en
- JZ/det ’

16s are evaluated separately for each observable. In the above erpreg§©"is calculated at the generator-

C

160 level of PYTHIA MCO09 and«/%tis that at the detector-level of this model. The corrected value for an

170 Observable is found by multiplying its measured value by the relevant ¢mmefactor. The correction
i1 factors thus unfold the data to the hadron level and include correctiores/émt selection, efficiency,
172 purity, bin-by-bin migration, and smearing of the distributions when the leguimticle is misidentified
173 and the second leading cluster is used to set the energy scale. In theda#gtiis leads a smearing of
7 particle densities.
In the case that? is a simple particle-counting observable, the bin-by-bin correction caere+
sented as a ratio of the purity to the reconstruction efficiency:

C=p/e
wherep is a purity calculated as the ratio:

N(reco gen)
N(reco)
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Figure 18: The average number of topoclusters per event per univahter n, ¢ as a function of
pr (lead) for the different regions defined in Fig. 1 for the PHOJET MC.

and whereN(reco & gen) is the number of reconstructed tracks which originate from truth particles
generated in same biM(reco) is the number of events with reconstructed tracks counted in the same
bin, irrespective of their origin. The efficiency is defined as usual:

~ N(reco® gen
~ N(gen ’

whereN(gen) is the number of generated truth particles in the same bin wKéreco & gen) is re-
constructed. Note that the efficiency is directly calculable and includesgeri-selection and standard
cluster-reconstruction efficiency. The purity correction mainly reflectsaring effects due to mismea-
surement of the leading cluster used for the density calculations whichffacaltito take into account.
Thus the advantage of using the bin-by-bin correction is that it unfolisidane step.

As for any detector unfolding to the hadron level, the bin-by-bin corractiepends on the truth-
level MC input. The model dependence affects the efficiency corre@ti@inly due to variations in
particle types) and the purity (different underlying hadron-level digtidns have different fractions of
misreconstructed objects in each bin and different bin-by-bin migratidoskeduce a model dependence
of the unfolding procedure, bin-by-bin migrations were minimized by usingsidas larger than the
resolutions in the bins for the distributions presented in this paper.

The model dependence can be checked by using different MC simulafithestruth level. It should
be noted that a good description of the detector-level distributions is eshtorextract the bin-by-bin
correction. This can be achieved after the re-weighting or retuning tte feuel of MC models.

Figure 19 shows thég density for all stable particles at the truth level and reconstructed togerdus
at the detector level. The ratio of those (i.e. the bin-by-bin correctionfgctwe shown in the bottom
plot. The correction tends to increase with the increage-gfead) as expected from the resolution effect
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and since more and more clusters start to overlap in the region with largegdeditsities. The difference
between bin-by-bin corrections extracted using different PYTHIA sueesignificantly smaller than the
difference seen at the truth level of these MC tunes.

Similarly, Figure 20 shows the average as a function oD ¢ for all stable particles at the truth level
and reconstructed topoclusters at the detector level. The ratio of thoseh@din-by-bin correction
factors) are shown in the bottom figures. In this case, the measuremeatsrhall bin-by-bin correc-
tions since they are less affected by the migration of topoclusters below the minpneut. Yet, this
observable has enough sensitivity to different MC tunes as shown idEiigr the detector level.
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Figure 19: Densities for the truth level (stable particles) and the detecwlsl@alibrated topoclusters)
as a function oB@. The bin-by-bin correction factors are shown at the bottom.

Figures 21 and 22 show the densities for all truth stable particles and ¢adiligpoclusters at the
detector level. The corresponding detector-level distributions are rslirowigs. 13 and Fig. 14. The
bin-by-bin correction factors are also shown. The correction faci@generally large and increase with
pr up to 100%. This is mainly due to the resolution effect as discussed in Séar ¥rgepr, there are
large losses of the leading cluster and the correction factor at faread) attempts to correct for such
an inefficiency effect. In addition, clusters can overlap in the towardiyawegions where the density
of clusters is high. The correction factors in the transverse regionhwhithe most interesting for the
UE studies, are at the level of 50% and almost independepi.dfinally, Fig. 23 shows the average
as a function of topocluster multiplicity. The correction factors are small #mdst independent of the
numbers of clusters.

We will summarize this section with the following observation: unlike the trackiaged studies [14,
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15], the detector correction factors are larger and tend to increase witasingpr. For the transverse
region, the correction factors are about 50%. (For the tracking stuitiedin-by-bin corrections were
20% [15]). The correction factors in the toward and the away regiorreach 100% at larger (lead).
The correction factors for the measurements shown in Figs. 20 and 2&atk

It should be noted that correction factors can be large and the measusearaa still be considered to
be reliable if the systematics is fully understood (large correction factoallysmean large systematics,
which can easily wash out physics conclusions), and the unfoldingegdure does not change physics
conclusion drawn from the detector-level measurements. For the futudes, we will consider only
measurements which have bin-by-bin corrections smaller than 50%.

8 Systematics

The systematic uncertainties on the measured densities were determinedinghhe selection cuts
or the analysis procedure and repeating the analysis. The followingrsttestudies have been carried
out, with a typical resulting uncertainty for the given in parentheses:

e The main systematic uncertainty comes from the energy scale of calibratedusigos. +5%
energy scale uncertainty is expected for most pseudorapidity regiotsef@lusters at the EM-
scale. Differences between the data and the MC increasd®6 in the transition regionif| >
1.55 and|n| < 1.8). On average, the energy scale uncertainty for the calibrated toperslus
within 5% for a wide range of topocluster momentum, from 0.5 to 10 GeV.

The energy scale uncertainty was taken into account by decreasinm@edsing thepr of
topoclusters in the data, keeping the same topoclystdn the MC. The scaling factors were
determined using a grid in andP (momentum) of the tracks used for matching with topoclusters.

The energy scale uncertainty discussed above is significantly largetlibamcertainty of the
event selection (including the trigger selection of the minimum bias events); [4]

e Generally, the electronic noise may not be well described by MC. Thistetiewever, is at the
level of 10 MeV for cells, is difficult to propagate correctly to topocluster sugaments, since
the noise should not always be coherently added for the topoclustegieme Generally, this
uncertainty is taken into account by the energy scale uncertainty discaksge.

e Positions of topocluster centers inand ¢ were shifted by the size of one celt(.025,+0.025
rad) in the LArg calorimeter (less than 1%);

¢ Since no correction for the diffractive contribution was applied, the nreasent was performed in
the regions of ther (lead) where the diffractive contribution is small (see Sect. 6). As additional
systematics, all events with the number of topoclusters below 3 were remvédo.);

e The bin-by-bin corrections were estimated using a MC with an extra 10% mnlatefiant of the
tracking system. The extra material decreases the efficiencies and theases the bin-by-bin
correction factor. (+1.5%); In addition, a check was done using alternative detector geometry
which has more material for the regi¢m| > 2;

¢ A model dependence of the bin-by-bin corrections was estimated usindt¢heative PerugiaO
tune, as shown in Sect. 7. This corresponds to2B6 uncertainty. Given that the use of the
PYTHIA Perugia0 model for the bin-by-bin corrections leads to small aaiogies compared to
other systematics, the truth-level of this model was not re-weighted to giveper description of
the detector-level distributions.
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Check N/dd@ < pr>vsN <N>vspr(lead)
Event selection | +£0.5% +0.5% 15%
Energy scale +5.1% +1.5% +5%
@ positions +1.3% +0.2% +0.2%
n positions +0.2% +0.2% +0.2%
Additional material| +0.5% +0.8% +1.8%
Model dependence +2% +1.0% +1.5%

Table 1: A summary of systematic checks and typical contributions to the vialudgferent types of
measurements.

Table 1 summarizes the systematic uncertainties for different observables.

We did not include a possible systematic uncertainty from the PHOJET Momte @adel [12]
since it significantly fails to describe the data at lag€lead) [4]. For the bin-by-bin corrections, an
adequate description of detector-level distributions is required, thusuttelavel of PHOJET should
be re-weighted before the extraction of the bin-by-bin corrections. AFHOJET MC has exactly the
same fragmentation as for PYTHIA, thus we do not expect this model todfaldsr estimation of the
systematical uncertainties related different modeling of the fragmentatioe. stdgg HERWIG Monte
Carlo model [16, 17] is presently unavailable.

The overall systematic uncertainty was determined by adding the aboveaintes in quadrature.

9 Results

In this section, the final results obtained after the detector correctiordissmassed. Only distributions
which have the smallest bin-by-bin correction factors have been usdtiddinal measurements. As
discussed before, due to significant losses of leading clusters atgaftgad) and cluster overlaps in
the regions of high particle density (the toward and away regions), tmeatmn factors are significant.
The most affected distributions are the density distributions as a functigr (@¢ad) and thep3'™
distribution in the toward and away regions. Thus the physics conclusi@uéthn measurements can be
significantly biased towards the MC simulation used for extrapolation.

Figure 24 shows the density distribution of the particles corrected to thehélrel as a function of
the distance in the azimuthal angle between the leading particle and other partiateevent. The dis-
tribution was unfolded using the bin-by-bin correction as shown in FigTh@. systematic uncertainties
are almost fully correlated. They are shown by the green band whichredkaes the statistical errors
added in quadrature. The data are compared to the PYTHIA truth with theQ\M$rugiaO and DW
tunes. Although the general shapes of the Monte Carlo distributions arerdioiteat of the data, none
of the three Monte Carlo tunes match the data precisely.

Figure 25 shows the average transverse momenta as a function of theelistdime azimuthal angle
between the leading particle and other particles in an event. The distributionnf@lgled using the
bin-by-bin correction as shown in Fig. 20.

Figures 26 and 28 show the particle density and the average momenta ofeparticrected to the

hadron level as a function @f (lead). Both measurements were done in the transverse region where the

density of particles is not very high and thus the detector corrections esihllest.

Figures 30 shows the average momenta as a function of charged multipliciyright-hand plot
shows the same distribution as that discussed in Ref. [4] for tracks. rAthdoprevious topocluster
measurements, all MC tunes fail to describe the activity in the transvenesmreg

The tables with the detector-corrected data shown in this section are givibe fiAppendices”
section.

Figures 27 and 29 show the same distributions as before but compare®@Oti@eV data.
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Figure 24: The density of particles per unit of pseudorapidity as a fumctiche distance between the
leading particle and other particles in an event. The green band showwatistical and systematical
uncertainties added in quadrature. The densitygpflead) > 3 GeV is shifted by 0.2 for a better

representation.
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Figure 25: The average transverse momenta of particles as a functiandithnce between the leading
particle and other particles in an event. The green band shows the sta#isticgystematical uncertain-
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ties added in quadrature. The density fgi(lead) > 3 GeV is shifted by 0.1.
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Figure 26: The average number of particles per event in one unit imfarygand ¢ as a function of the
pr (lead) for the transverse region indicated in Fig. 1
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Figure 27: The average number of particles per event in one unit imiarygand ¢ as a function of the
pr (lead) for the transverse region indicated in Fig. 1 compared to 900 GeV data.
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Figure 28: The average transverse momenta of particles as a functios f (flead) for the transverse
region indicated in Fig. 1.
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Figure 29: The average transverse momenta of particles as a functioa f (ilead) for the transverse
region indicated in Fig. 1 compared to 900 GeV data.
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Figure 30: The average transverse momenta of particles as a functibarged-particle multiplicity for
different regions of the phase space indicated in Fig. 1.

10 Summary

In this note, density and the average transverse spectra are studiedrapdred with the PYTHIA
predictions with different tunes. All predictions fail to describe well thasity distribution as a function
of the azimuthal angle between the leading charged particle and any ottielega an event.

Different PYTHIA tunes fail in different extent. All Monte Carlo prediatie fail to describe the
particle densities as a function &fp. For the average transverse momentum as a functidmppé good
agreement is observed for PYTHIA MCOQ9 tune, while Perugia0 and DWttuunderestimate the data.

Similarly, the lack of activity of the hadronic final state in the transverse regiseen in the density
distribution and the average transverse momenta as a function pf thead). For the density and the
average transverse momenta as a function optiéead), the DW tune is the closest to the data, while it
fails to describe the average particle momentum as a function of particle multiplitieyMCO09 and the
PerugiaO tunes are below the data for the particle densities. The abadasion quantitatively agrees
with that for charged patrticles [14, 15]. and provides a systematicallymdent measurement to that
obtained using tracks.
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- Appendices

= A Tables for the figures of Sect. 9.



N/dogvsdp

|

pr(lead) > 1 GeV pr(lead) > 2 GeV pr(lead) > 3 GeV
bin center| value error value error value error
—3.063 | 0.740 +0.001705;5 | 1.101 +0.00173037 | 1.614 +0.002°5323
—2.910 | 0.733 +0.00170574 | 1.089 +0.0017092% | 1.594 +0.002°5577
—2.757 | 0722 +0.001730%3 | 1.071 +0.001730%% | 1.566 +0.002"0025
—2.604 | 0.701 +£0.001755,3 | 1.038 +0.001709:5 | 1.520 +0.002"007;
—2.451 | 0691 +0.0017053% | 1.021 +0.00173935 | 1.489 +0.002°5.03°
—2.298 | 0.668 =+0.00175535 | 0.986 -+£0.00173035 | 1.443 +0.0027005,
—2.144 | 0.655 =+0.0017555% | 0.966 +0.00173977 | 1.413 +0.0020085
—-1.991 [ 0.637 +0.00175555 | 0.938 +0.0017393¢ | 1.375 +0.002" 0%
~1.838 | 0.623 +0.001705% | 0.915 +0.0017033¢ [ 1.347 +0.002"5958
—1.685 | 0.611 +£0.001700532 | 0.896 +0.00173977 | 1.321 +0.00275 929
—~1532 [ 0.600 +0.00175532 | 0.879 +0.0017393> | 1.299 +0.002"00%
—~1.379 | 0595 +0.0017555% | 0.872 +0.00173939 | 1.286 +0.002"00z0
—1.225 | 0587 +0.0017055> | 0.859 +£0.001700%2 | 1.269 +0.002°5032
~1.072 | 0590 +0.00175550 | 0.860 +0.00173939 | 1.269 +0.002"00z0
—0.919 | 0591 +0.0017055° | 0.858 +0.00170032 | 1.268 +0.002"5038
—0.766 | 0.605 -+£0.0017055% | 0.874 +0.00173922 | 1.279 +0.002°50:%
—0.613 | 0.627 +0.00170555 | 0.901 +0.00173932 | 1.308 +0.002"5025
—0.460 | 0.661 +0.00175575 | 0.953 +0.00173925 | 1.371 +0.0020033
—0.306 | 0.714 +0.0017555% | 1.039 +0.00173933 | 1.491 +0.002"00%5
—0.153 | 0.778 +0.00175527 | 1.143 +0.00173937 | 1.656 +0.002"0087
—0.000 | 0.832 +0.00175%:% | 1.235 +0.00273975 | 1.805 +0.002"0035
0.153 | 0.780 =+0.001709:5 | 1.146 +0.00175028 | 1.661 -£0.002"9 525
0.306 | 0.718 =+0.00170035 | 1.044 +0.00175078 | 1.497 +0.002"0 583
0.460 | 0.663 =+0.00170073 | 0.956 +0.00175023 | 1.374 +£0.002"0573
0.613 | 0.628 =+0.00170037 | 0.904 +0.0017507% | 1.313 £0.002"0 523
0.766 | 0.606 =+0.001700% | 0.876 +0.00175977 | 1.284 +£0.002"0 523
0.919 | 0593 =+0.0017003 | 0.860 +0.001750:% | 1.268 +£0.002"0 53
1.072 | 0590 -+0.0017053% | 0.860 +0.00173939 | 1.269 +0.002"5522
1225 | 0.588 +0.001739%> | 0.858 -+£0.00175932 | 1.271 +£0.002°593>
1.379 | 0596 +£0.0017553% | 0.871 +0.00173970 | 1.286 +0.002" 0020
1532 | 0599 +0.001705% | 0.879 +0.0017333> [ 1.298 +0.002°5932
1685 | 0.612 +£0.00179532 | 0.897 +0.00179977 | 1.321 +0.002"5 52
1.838 | 0.625 =+£0.00175557 [ 0.918 +0.00173937 | 1.349  +0.002"00%"
1.991 | 0.637 =+£0.00175555 | 0.936 +0.001739:8 | 1.370 +0.002" 0%
2144 | 0.654 +£0.001"50% | 0.963 +£0.00175977 | 1.410 +£0.002°50:%
2298 | 0.670 =+0.00170035 | 0.988 +0.0017503% | 1.445 +0.0027057%
2451 [ 0689 +£0.001750%% | 1.020 +£0.00175075 | 1.488 -+£0.002°50%%
2.604 | 0.704 +0.00170075 [ 1.041 +0.00175027 | 1.523 +0.002"0 572
2757 | 0.724 +£0.001705% | 1.074 +0.00175320 | 1.568 +0.002"5523
2910 | 0.733 £0.00179577 | 1.090 +£0.00175547 [ 1.598 -+£0.00275957
3.063 | 0.742 +0.001795>7 [ 1.102 +0.001°55:7 | 1.616 -+£0.0027332%

Table 2: The density of particles per unit of pseudorapidity as a functidheodistance between the
leading particle and other particles in an event, see Fig. 24. The statistitaysi@matical uncertainties
are given separately.



< pr >VSoQ

|

pr(lead) > 1 GeV pr(lead) > 2 GeV pr(lead) > 3 GeV
bin center| value error value error value error
—3.063 | 0.986 -+0.00175512 | 1.040 +0.001739:7 | 1.212  +0.00179073
—2.910 | 0.981 +0.00170072 | 1.035 +0.00173072 | 1.203 +0.0017007%
—2.757 | 0976 +0.00175%15 | 1.028 +0.001739:5 | 1.193  +0.001795%3
—2.604 | 0.967 +0.00175513 | 1.018 +0.001739:5 | 1.178 +0.001790%5
—2451 | 0961 +0.00170515 | 1.010 +0.00173977 | 1.168 +0.00175572
—2.298 | 0.954 +0.00175512 | 1.003 +0.00173935 | 1.157 +0.001799%%
—2.144 | 0948 +0.0017951% | 0.996 +0.0017997% | 1.148 +0.00175 7%
—-1.991 | 0.945 +0.00170513 | 0.992 +0.001739%7 | 1.143 +0.00175022
—1.838 | 0.940 +0.0017551% | 0.987 +0.001739%5 | 1.137 +0.00170557
—1.685 | 0.936 +0.00179515 | 0.983 +£0.0017997% | 1.131 +0.0017557%2
—1532 [ 0935 +0.00175572 ] 0.982 +0.00173975 | 1.131 +0.00190%3
—1.379 | 0931 +0.0017051% | 0.978 +£0.00170977 | 1.127 +0.00175572
~1.225 | 0.928 +0.00175%1% | 0.974 +0.00173937 | 1.122 +0.00170052
—~1.072 | 0.928 +0.0017551% | 0.975 +0.00173937 | 1.122 +0.001790%2
—-0.919 | 0.926 +0.00175512 | 0.973 +0.00173977 | 1.121 +0.001790%2
—0.766 | 0.927 +0.00175%15 | 0.974 +0.00173935 | 1.121  +0.00179057
—0.613 | 0.932 +0.00179835 | 0.980 +0.00179973 [ 1.128 +0.00175933
—0.460 | 0.942 +0.00175515 [ 0.991 +0.00173935 | 1.139  +0.00170053
—0.306 | 0.970 +0.00179315 | 1.022 +0.0017997% | 1.177 +0.00175572
—0.153 | 1.021 +0.001°55715 | 1.085 +0.001739:3 | 1.267 +0.001790%>
—0.000 | 1.079 +0.00170515 | 1.154 +0.001709:¢ | 1.367 +0.002°5515
0.153 | 1.021 +0.001795}5 | 1.085 =+0.001755%% | 1.267 +0.001759%7
0.306 | 0.969 +0.00179515 | 1.022 +0.001°5575 | 1.178 +0.001°5923
0.460 | 0.943 +0.00179515 [ 0.991 +0.0017553 [ 1.142 +0.00175933
0.613 | 0.930 +0.00179517 | 0.978 +0.00175572 | 1.125 -+0.00175972
0.766 | 0.928 +0.00179577 | 0.975 +0.0017552% | 1.122 +0.00173933
0.919 | 0926 =£0.00179517 | 0.973 +0.00175527 | 1.120 +£0.00175977
1.072 [ 0929 +0.00175522 1 0.976 +0.00173975 | 1.125 +0.00179033
1.225 | 0.929 +0.00170513 | 0.975 +0.00173975 | 1.122 +0.00175577
1.379 [ 0931 +0.00175515 | 0.978 +0.00173937 | 1.126 +0.001790%2
1532 [ 0934 +0.00175512]0.980 +0.00173925 | 1.129 +0.001730%%
1.685 | 0.936 +0.0017051% | 0.983 +0.00173977 | 1.133 +0.00175572
1.838 | 0939 +0.00175512 | 0.986 -+0.00173935 | 1.135 +0.001739%%
1.991 | 0943 +0.00175512 ] 0.991 +0.00173975 | 1.141 +0.001"9052
2.144 | 0949 +0.00170075 | 0.998 +0.00175073 | 1.152 +0.00170573
2298 | 0953 £0.00179515 [ 1.002 +0.001°5577 [ 1.156 -+0.00175932
2451 [ 0960 +0.00179515 | 1.010 +0.00175515 | 1.167 -+0.00175933
2.604 | 0967 +0.001795}5 [ 1.018 +0.00175513 [ 1.179 +0.00175933
2.757 | 0.974 +0.00179973 | 1.027 +0.001759:7 | 1.191 +0.00179513
2910 | 0981 £0.0019573 | 1.034 +0.00175513 | 1.202 +0.00175973
3.063 | 0986 +0.001"50:3 | 1.041 +0.001750:3 [ 1.213 +0.001750:3

Table 3: The average transverse momenta of particles as a function dstheog between the leading
particle and other particles in an event, see Fig. 25. The statistical andnsyisi&l uncertainties are
given separately.



] < N > vs pr(lead)

|

Transverse region
bin center| value error
1250 | 0.218 =+0.000'3 553
1750 | 0.409 =+0.0017557
2500 | 0.712 +0.00175515
3.500 | 1.033 +0.002"0035
5000 | 1205 =+0.002°55%;
7.000 | 1.273 +£0.004"5055
9.500 | 1.277 +0.007"9375
12500 | 1.352 +0.016'5 500
15500 | 1.434 +0.030700%
18500 | 1.436 +0.045707%
22000 | 1.509 =0.063700%
26,000 | 1.418 -+0.090"977%3
30.000 | 1.517 =+0.13770%5°

Table 4: The average number of particles per event in one unit intervplkind @ as a function of the
pr (lead) for the transverse region, see Fig. 26. The statistical and systematasatainties are given

separately.

] < p"M> GeV vspr(lead)

|

Transverse region
bin center| value error
1.250 | 1.681 +0.003707:5
1.750 | 3528 +0.006'077°
2500 | 6.881 +0.009°01%9
3.500 | 10.855 +0.019 5252
5.000 | 13302 +0.02770 4%
7.000 | 14481 +0.059'77:5
9.500 | 14910 +0.09871375
12500 | 16199 +0.231733%°
15500 | 17.764 =+0.452 5394
18500 | 18247 =+0.72371%%
22000 | 19.056 +1.05413:7
26.000 | 16882 +1.373730:¢
30000 | 21053 +2.6237535

Table 5: The average transverse momenta of particles as a function pf tlead) for the transverse
region, see Fig. 28. The statistical and systematical uncertainties aresgiparately.



< pr > [GeV]vs N

Forward Transverse Away

bin center| value error value error value error

3.000 | 1.021 =+0.001720%5 | 0.769 +0.000"593% | 0.759 +£0.000"0555
7.500 | 1.076 +0.000795}; | 0.886 -+0.000"553% | 0.865 -£0.000"59:7
12500 | 1.119 +0.00175513 [ 0.959 -+0.000759:3 | 0.939 +0.000700:3
17500 | 1151 +0.0017557% | 1.011 +0.001739:3 | 0.992 +0.001790%%
22500 | 1.180 =+0.001700z2 | 1.053 +0.00175935 | 1.034 +£0.00170 52
27500 | 1.201 +0.002755}% [ 1.087 +0.001755%% | 1.072 +0.00173933
32500 | 1.230 =+0.00499z | 1.118 +0.002°59:3 | 1.102 +0.00279 5,2
37500 | 1.241 +0.006'5057 | 1.141 +£0.004°50:7 | 1.129 +£0.004" 5027

Table 6: The average transverse momenta of particles as a functiortiofepamultiplicity for different

regions, see Fig. 30. The statistical and systematical uncertainties aresgiparately.




